Quantitative in situ determination of conjugative gene transfer in defined bacterial biofilms using automated confocal laser scanning microscopy followed by three-dimensional analysis of cellular biovolumes revealed conjugation rates 1,000-fold higher than those determined by classical plating techniques. Conjugation events were not affected by nutrient concentration alone but were influenced by time and biofilm structure.
Gene transfer by conjugation is considered to be an important mechanism for the establishment of new genetic traits in diverse environments. Since most bacteria found in nature live in biofilms on surfaces or at interfaces (7) , it is likely that conjugation plays an important role in the spread of genetic information (1, 2, 14, 17, 20, 26, 28) . Even though the probability of random meetings of cells in suspension is greater than in biofilms, the relative spatial stability of bacteria in biofilms should favor conjugation. Although there may be fewer initial mating events in biofilms, potential mating partners are fixed in a matrix of extracellular polymeric substances and inorganic materials and thus are able to propagate locally. Since frequencies are determined by plating transconjugants on selective media, it remains unclear how high in situ transfer frequencies really are and whether all transconjugants are capable of growth on selective agar plates. Furthermore, the necessity of identifying transconjugant cells by plating procedures involving selective markers such as antibiotic resistance (28) , heavy metal resistance (22) , or degradative abilities (29) has hampered analysis of the real impact of newly introduced metabolic capacities by, for example, genetically engineered microorganisms on autochthonous microbial populations.
Factors influencing the frequency of gene transfer include cell density (19, 24) , growth phase (23), and temperature (11, 16) as well as pH, cations, salinity, dissolved oxygen, and nutrient availability (16, 27) . In order to understand the dynamics of in situ gene transfer, we investigated the effects of nutrient concentration; contact time between donors, recipients, and helper cells; and helper cell density. Microscopic observations of the rate of triparental gene transfer involved Alcaligenes eutrophus recipient strain AE104 (21) , Escherichia coli donor strain GM16(pRK415::gfp), and E. coli helper strain CM404(pRK2013) (12) . A. eutrophus recipient strain AE104 is a plasmid-free derivative of strain CH34 (22) . It has previously been shown to be a good recipient of plasmids and does not appear to have an efficient restriction-modification system. Although the species A. eutrophus has recently been reclassified as Ralstonia eutropha (31) , strain CH34 and its derivatives are different from the type strain of R. eutropha (25) . Thus, the old classification based on the current recommendation (25) was used.
E. coli donor strain GM16, a derivative of strain DH5␣, contained the plasmid pRK415 (15) with a gene for the green fluorescent protein (GFP) from the jellyfish Aequoria victoria (4) inserted into the multiple cloning site. This reporter gene construct enabled the determination of gene transfer frequencies independent of the growth of transconjugants. Plasmid pRK415, a derivative of the broad-host-range plasmid RK2, can be transferred from the host when the strain receives the narrow-host-range plasmid pRK2013 (12) which encodes the cognate conjugation system. E. coli helper strain CM404 is a derivative of strain HB101 containing pRK2013 (12) . Classical conjugation experiments between donor, helper, and recipient strains were performed as previously described (22) . Transconjugants and recipients were counted after growth on selective agar media.
To detect gene transfer in biofilms, sterile slides, submerged in 100% Luria-Bertani (LB) medium and inoculated with a single colony of the recipient strain, were incubated in sterile petri dishes at room temperature (RT) on a slowly tilting table. After a 24-h incubation period, the slides were transferred to fresh LB medium (100 or 1%) and approximately 10 8 cells from a culture of the donor strain grown overnight and then washed in phosphate-buffered saline (PBS) (8 g of NaCl liter Ϫ1 , 0.2 g of KCl liter Ϫ1 , 1.44 g of Na 2 HPO 4 liter Ϫ1 , 0.2 g of NaH 2 PO 4 liter Ϫ1 ) (pH 7.0) and 10 8 or 10 2 cells of the helper strain were added. The slides were again incubated for a contact time period of 2 or 24 h at RT, washed with PBS, and fixed in a solution of PBS plus 4% paraformaldehyde at RT for 1 h. The biofilms on the slides were subjected to ethanol dehydration (50, 80, and 98% ethanol) and hybridized with the rRNAdirected oligonucleotide probe BET42a, labelled with tetramethylrhodamine-5-isothiocyanate (TRITC), specific for the ␤ subgroup of Proteobacteria (21) . Biofilms were hybridized with 35% formamide in the hybridization solution for 1.5 h at 46°C, washed, and prepared for microscopy as described previously (21) .
The hybridized biofilms were investigated with confocal laser scanning microscopy (CLSM) (3) as follows. A series of images in the z direction (z series) were digitized in selected optical planes with an LSM410 confocal laser scanning microscope (C. Zeiss, Jena, Germany). Image generation was achieved using the 488-and 543-nm-wavelength laser lines, in combination with 515-to 540-nm-wavelength band-pass and 590-nm-wavelength long-pass emission filters for GFP and TRITC fluorescence, respectively. Images were obtained with a 40ϫ/1.3 NA Plan-Neofluar oil immersion lens and a 2.5ϫ digital zoom factor. Transconjugants exhibited both TRITC and GFP fluorescence and were recognized as objects with superimposed pixels when GFP and TRITC signals from corresponding images were compared. Typically, transconjugants in biofilms exposed to 100% LB medium occurred as single cells or in pairs (Fig. 1A) . In contrast, conjugation in biofilms exposed to 1% LB medium was facilitated by the formation of clusters; transconjugants occurred as subclusters within these aggregates (Fig. 1B) . Analysis of microscopic images showed that the average biofilm thickness ranged from 3 to 4 m, and the highest cell density was detected at a distance of 1.5 to 2 m from the surface of the glass slide (Fig. 2) . No obvious spatial separation of transconjugants, donors, or recipients was observed.
In order to detect rare events in situ and arrive at a quantitative estimate, automated on-line collection of confocal twodimensional cross-sectional images followed by off-line image processing to determine biovolumes (18) was used. Thus, transfer rates were calculated by determining ratios of transconjugant to recipient cell volume per hour of contact time. Three-way analysis of variance analysis (SigmaStat; Jandel Scientific Software, San Rafael, Calif.) of conjugation rates revealed that helper cell density or nutrient concentration alone had no significant effect on the outcome of the experiments. At first, it may be surprising that the different helper cell densities resulted in similar conjugation frequencies. However, it is likely that the transfer of the pRK415 plasmid is the rate-limiting step. Laboratory results indicate that the transfer frequency of the pRK2013 plasmid from the helper cell to the donor cell is higher than that of pRK415 from the donor cell to the recipient cell (12a). In addition, some helper cells could donate the pRK2013 plasmid directly to the recipient cells, which would then acquire the entry exclusion phenotype, thereby preventing their conjugation with the donor cells. This could also be a plausible explanation for the fact that at higher helper cell densities, rates comparable to those observed with lower helper cell densities were obtained.
In contrast, time was a significant factor and the effect of nutrient concentration depended on time. The two data sets (10 2 and 10 8 helper cells) were also separately subjected to a two-way analysis of variance followed by the Student-NewmanKeuls pairwise multiple comparison method (Table 1) . For both helper cell concentrations, the highest hourly rates were obtained in biofilms with contact time limited to 2 h. Interestingly, for the 10 8 helper cell data set, the highest rate was observed under low nutrient conditions, and similarly, the second highest rate for the 10 2 helper cell set was also obtained in biofilms grown with reduced nutrient concentration. The formation of clusters at low nutrient concentrations may have contributed to the high transfer rates under these conditions. Christensen et al. (5) also observed a positive correlation between transconjugant establishment and the preexisting pool of recipient cells. Additionally, they also found that the frequency of transconjugants first increased and then levelled off during the course of a 6-day experiment as determined in biofilm effluents by selective plating techniques. Surprisingly, in our experiments, the lowest rates were also found under low nutrient conditions but only in those biofilms in which contact time was extended to 24 h. In these biofilms, detachment of recipient cells was observed (results not shown). This may have affected conjugation rates to the extent that fewer A. eutrophus AE104 cells were available as recipients. It is also possible that some recipients obtained the pRK2013 helper plasmid directly. As stated above, such transconjugants possess the entry exclusion phenotype and cannot accept the pRK415 plasmid. In this way, the already diminished potential recipient pool could be compromised, resulting in an effective reduction of the frequency of gene transfer.
The observed GFP fluorescence after 2 h contradicts previous results which indicated that the protein should require 4 to 6 h to develop its fluorescence (8, 13) . Other workers have reported GFP expression after 13 h as a result of TOL plasmid transfer (6) . Using CLSM, we were able to detect even dimly fluorescent signals resulting from incompletely matured GFP protein. Imperfect or incomplete maturation may result in diminished fluorescence and thus raise the threshold number of GFP copies within a cell required for GFP fluorescence to be detectable (30) . Control slides containing only recipient cells did not show any fluorescence at the GFP detection settings employed. Maximum rates of 2.4 ϫ 10 Ϫ3 and 1.2 ϫ 10
Ϫ3
transconjugants per recipient per hour were determined during a contact time of 2 h for nutrient levels of 100 and 1% LB medium, respectively, when 10 2 helper cells were used (Table  1) . These rates are from 1 to Ͼ3 orders of magnitude higher than the rates obtained by determining the number of transconjugants based on CFU. The reasons why only a fraction of transconjugant cells were able to form colonies on selective agar plates are unknown. The explanation may be a viable but nonculturable state of transconjugants or a loss of plasmids upon cell division even under selective conditions.
Our results differ significantly from those reported for horizontal plasmid transfer on floating filters from Pseudomonas putida to Vibrio sp. and Deleya marina (9) . In that study, gene transfer frequency was expressed as the number of transconjugants per added donor cell, and no difference was found for in situ detection by GFP fluorescence and traditional plating techniques. The reasons for this may be either methodological (in this study, the biovolumes of over 6,000 cells were analyzed with CLSM) or due to more-complex physiological conditions in biofilms (compared to filtered cells on floating filters). For example, in Pseudomonas aeruginosa biofilms, the production of chemical signals appears to play a role in developmental patterns (10) .
Our technique detects plasmid transfer and expression of GFP but does not allow an evaluation of plasmid stability in the recipient. Clearly, although the rate of transfer can be stimulated by biofilm structure, the establishment of new genetic traits depends on plasmid stability in the new host. Obviously, selective pressures in the form of metabolic requirements for degradation of toxic compounds can have an additional effect, which may increase the rate of second-generation gene transfer. It is puzzling in this respect that a study which dealt with in situ gene transfer using GFP did not report any effect of the toxic metal Hg on the dissemination of an indigenous plasmid carrying genes conferring resistance to Hg (9) .
Conjugation is an energy-demanding process; however, if the conjugation machinery is constitutively expressed at starvation, no extra energy is needed for starved cells to donate their DNA. Nutrient limitation does not seriously impede conjugation in natural systems, and even starved cells are capable of transferring plasmids (9). Our results have clearly demonstrated that conjugation rates are not diminished by a reduction in nutrient concentration. In the light of these observations, it would be of interest to investigate the effect of biofilm structure on conjugative gene transfer. The implications of the results of this study are that initial gene transfer in biofilms occurs far more frequently than previously thought. The knowledge that attached cells of the same species differ in their ability to maintain incoming plasmids hints at specific physiological conditions in biofilms which lead to individual cells experiencing different environmental pressures. We have provided the first quantitative glimpse at conjugative events in biofilms at the single-cell level which in the future should allow one to influence the incidence of genetic exchange by affecting biofilm structure itself. 
